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Overview
The objective of the work reported here is to produce intense beam of ultracold
antiprotons. It is known that antiprotons can be cooled in Penning traps using electron
cooling technique. Our scheme is to capture antiprotons into a trap and to cool them by
this technique, then to extract cooled antiprotons as a monoenergetic beam for collision
and spectroscopy experiments. When a collection of charged particle is cooled, it behaves
as a nonneutral plasma. Thus for the realization of ultracold antiprotons, considerations
from nonneutral plasma physics side were essential. The construction of this thesis is as
follows:
The rst chapter is dedicated to historical backgrounds, the rst section (Sec.1.1) for
antiproton physics and the following Sec.1.2 for nonneutral plasmas. Chapter 2 describes
the project in which this work is involved (ASACUSA project). After the introduction
to AD, the machine which produces antiprotons, a scheme to produce slower antiprotons
is presented. Then, it follows a description of particle clouds in electric+magnetic eld
(Chapter 3). When the Debye length of a cloud consists of cold charged particles becomes
smaller than the size of the electrodes, it can be treated as a nonneutral plasma. Based
on the knowledge of particle traps and nonneutral plasmas, a trap was constructed for
ASACUSA project. In Chapter 4, depicted are design criteria and system specications
of the ASACUSA antiproton trap. Then, Chapter 5 deals with experimental results.
Reviews on measured properties of the ASACUSA trap are given. Future works and
results of preparatory experiments etc. are summarized in the Appendices. Notations




1.1 Historical background of physics with antipro-
tons
1.1.1 At the dawning
The story of our protagonist started in 1955 when Segre and Chamberlain identied
antiprotons among a number of mesons[1]. Earliest works are chiefly on antiparticle
formation[2, 3] or on cross section measurements (annihilation cross section etc.)[4].
1.1.2 The LEAR era
The advent of Low Energy Antiproton Ring (LEAR)1 opened a brand new era of
antiprotonic experiments. Low energy antiprotons produced by four machines, i.e., Pro-
ton Synchrotron(PS), Antiproton Cooler(AC), Antiproton Accumulator(AA), and LEAR
were delivered as 200 nsec-pulsed or continuous beams. At rst, it can be noted that
all through the period the research on symmetry were active, like CP violation, T non-
conservation, etc.[5].
PS196 collaboration pursued mass spectroscopy and nally achieved the precision of
9 parts in 1011 in the comparison of charge-to-mass ratio of an antiproton with that of
a proton[6]. In the due course, they developed techniques of trapping[7] and electron
cooling[8] of antiprotons in a Penning trap. In PS200 collaboration, initially aimed at
the experiments of antimatter gravity, trial of capturing a number of antiprotons was
successful[9, 10]. Extraction of cooled antiprotons was also tried[11].
A series of atomic collision experiments by PS194 collaboration which compares an-
tiprotons and protons -e.g. ionization of atoms and molecules by proton and antiproton
1First p was injected in 1982.
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impact- revealed the signicant disagreement between the theory and experiments, some
of which still remain to be investigated[12, 13, 14]. Especially, it is remarkable that proton
impact and antiproton impact lead to disagreement in ratios of double- to single-ionization
cross sections in the relatively high energy region where the Born approximation is con-
sidered to be valid[15, 16, 17]. It was also at LEAR where an interesting state of wake
riding electrons was studied (PS204 collaboration)[18].
The discovery that an antiproton captured by a helium atom can form a metastable
state opened a new eld in researches of few-body systems, precision laser spectroscopy,
etc.(PS205 collaboration)[19]. The precision of the measurements of resonance lines
in successive experiments became as high as can be used to determine fundamental
constants[20]. To nd a resonance with narrow band lasers, the accuracy of theoretical
calculations were essential and in turn, supported by precise measurements with lasers,
three-body calculations became much more reliable.
Antihydrogen, as the simplest antimatter has been quested. The rst realization of
antihydrogen by PS210 collaboration, though they were eleven and with high energy,
added one more glory at the end of LEAR’s life[21].
LEAR was shut down in December 1996 and is now used for heavy ion accumulation
as a part of LHC project.
1.1.3 Inauguration of AD
Responding to the strong request from the user’s community of LEAR, CERN took a
step forward to modify AC into a new machine, that is what we now call the Antiproton
Decelerator (AD). Details will be given in the next chapter.
1.2 Historical background of physics of nonneutral
plasmas
The word "nonneutral plasma" designates a cloud of charged particles where there is
not overall charge neutrality. However as in a neutral plasma, lots of plasma phenomena
like collective oscillation modes, particle or heat transports are observed.
It was in the period from the late 60’s to the early 70’s when certain amount of
attention was paid in such systems. Early works were on the microwave devices like
magnetrons or vacuum tube diodes, etc. Practical interests on charged particle beams
were the main motivation. There also existed interests in trapping a number of electrons
for the construction of charged particle accelerators[22].
Around 1970 thermal equilibria of trapped nonneutral plasmas were examined and it
was shown that a nonneutral plasma trapped in a Penning trap rotates as a rigid rotor
7
when it is in thermal equilibrium[23, 24]. Later, theoretical studies on electrostatic normal
modes of nonneutral plasmas[25, 26] and experimental works on them[27] were elaborated
in 90’s.
Since the 80’s, containment of charged particles became objectives and nonneutral
plasmas consist of trapped electrons[28, 29], positrons[30, 31], and ions[32, 33] have been
extensively studied. One-component electron plasmas, which we would regard as deuter-
agonist, were intensively studied at the University of California at San Diego (UCSD).




where L is the length of the plasma and B is the magnetic eld[34]. Similar, but
also length-dependent lifetime scaling is also proposed[35]. After the theoretical elabora-
tion of electrostatic modes, they were experimentally identied and used as diagnostics
of plasmas[36, 37].
Also an impressive invention of a trap with large harmonic potential was done by
Mohri at Kyoto University[38]. The feature of this type is that the multi-ring structure
enables the flexible formation of trapping potentials. Even the correction for image charge




AD and ASACUSA project
2.1 The Antiproton Decelerator (AD)
Responding to the strong request from the user’s community of LEAR, CERN took a
step forward to modify AC into a new machine, that is what we now call the Antiproton
Decelerator(AD). The location of AD is shown in Fig.2.1 together with other machines.
Figure 2.1: PS complex.
Let us here summarize how antiprotons are provided at AD. What is completely
dierent from LEAR is that the whole procedure of collection,cooling and deceleration is
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done within the same machine. For example, PS is only used for the proton injection into
AD, while it was also used to decelerate antiprotons at LEAR. Below are the details[39].
1. A production beam of 26 GeV/c protons comes from PS. Typical number is 1013
per pulse.
2. The beam hits the copper target1 and produced antiprotons are collected at 3.57
GeV/c. About 5  107 antiprotons are injected to AD, thus the production and
collection eciency is about 2 10−5.
3. Since the PS bunch has a rather short width compared to its spacing, by rotating
it in a phase plane longitudinal to the beam direction, the momentum spread can
be made narrower. Namely, the bunch will be more monochromatic in momentum
at the cost of extending in the circumference[40]. By applying this bunch rotation,
momentum spread (p
p
) of antiprotons are reduced from  3% to  1.5%.
4. Preparation for the deceleration : Stochastic cooling makes the emittance (initially
200 mm  mrad) to be 5 mm  mrad and p
p
to be 0.1%
5. Antiprotons are decelerated to 2 GeV/c.
6. They are further decelerated in several steps to 300MeV/c where electron cooling is
available.
7. Deceleration to 100 MeV/c takes place and beams are ejected from the machine.
Estimated overall deceleration eciency is 25% and thus 1:2 107 antiprotons will
be delivered. In contrast to LEAR, there will be no slow extraction mode.
1At LEAR, Ir target was used. In any cases, the production target should be compatible with the
enormous heat load.
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Injection & Stochastic cooling
 (20 sec)
Figure 2.2: Basic deceleration scheme of AD.
2Stacking option inside the machine is also being considered.
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Fig.2.3 shows the structure and experimental areas inside AD.
 ASACUSA
3.57 GeV/c
           stochastic cooling
2 GeV/c
           deceleration
300 MeV/c
           electron cooling
100 MeV/c : 
      107  p, 250ns pulse 
      1 shot/min
40 m
Figure 2.3: AD and hall layout. Correction of created antiprotons, cooling,
and deceleration are performed in the same ring.
There are three experiments running at AD. All of them use traps located in super-
conducting solenoids.
ATHENA
Aiming at the spectroscopy of 1S-2S transition of antihydrogen with their AnTiHy-
drogEN Apparatus. Catching of energetic antiprotons, accumulation of positrons, re-
combination and spectroscopy will be done in an aggregation of three traps located in
magnetic elds.
ATRAP
Antihydrogen TRAP Collaboration is aiming at trapping cold antihydrogen and trying
to compare them with hydrogens.
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ASACUSA
The one in which this work is involved. Dierent from the others, various experiments
which cover wide area in atomic physics are being performed. Detailed description will
be given in the following section.
2.2 ASACUSA project - Physics motivation and ex-
perimental plans
Following the decision to construct AD, to have more complete, systematic knowledge
on the atomic processes was desired and it stood a fair chance. A collaboration lead by
Japanese researchers was formed to that eect. The name of the group ASACUSA is
the abbreviation of "Atomic Spectroscopy And Collisions Using Slow Antiprotons", which
most briefly describes the project. In the rest of this Chapter, an outline of the ASACUSA
experiments is given. Details of the proposed experiments and physics goals can be found
elsewhere[41, 42].
In ASACUSA project, experiments are planned to investigate initial processes of an-
tiprotonic atom formation, interaction between antimatter and matter etc., most of which
require ultra-low energy antiproton beams[41, 43, 42]. As can be seen from a review in
the previous chapter, preparation of ultracold antiprotons which can be used as a beam
requires the cooperation of particle physics, atomic physics, and plasma physics.
At AD, 107 antiprotons of 5.3 MeV will be at hand as a pulse of 250 ns with a repetition
period of one minute3. In our scheme, we will let MeV-energy antiprotons pass through
an RFQ, post decelerator. Reduced energy will be 10-120 keV. Then, those antiprotons
enter a Multi-Ring Electrode(MRE) trap described in the later section. Electron cooling
technique will be applied. Dense cloud of antiprotons, together with electrons, are sup-
posed to behave as a nonneutral plasma. Techniques of nonneutral plasma physics will
be applied to manipulate antiproton clouds. Extracted beam will be transported using
electrostatic lenses and nally reaches the collision chamber. Expected beam energy lies
in a range 10 eV - 1 keV. Energy change during these stages is schematically summarized
in Fig.2.4.
To clarify the necessity of low energy antiprotons, let us consider a collision of antipro-
tons with atomic hydrogens. When an antiproton is captured in an atomic hydrogen, a
resultant bound state pp is called protonium. Since the protonium is a Coulombic two-
body system which is theoretically well understood, it is especially suitable for the research
of initial capture process of antiprotons into matter. To perform this kind of experiment,
3As of August 2000, a bunch of 2 107 antiprotons per two minutes is delivered.
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Expected energy of antiprotons
                   extracted  from the trap
: 1000-10eV
AD+RFQ :120-10keV
Threshold of antiproton production  
AD+RFQ+Trap  : < 1eV
Proton beam from PS : 26GeV 













AD beam : 5.3MeV 
Energy 
Figure 2.4: Energy scale illustrating the dierent steps used to slow down the antiprotons.
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we need to collide antiprotons with gaseous target under the single collision condition. So
far, experimental researches on exotic atoms4 have been done only in dense media[44].
Unfortunately, to date there are only a few calculations of formation cross sections of
pp[45]. Shown in Fig.2.5 are formation cross sections of pp vs. collision energy in the cen-
ter of mass system, calculated by Classical Trajectory Monte Carlo (CTMC) method[46].
Two processes are shown : p + H ! pp + e− and p + H2 ! pp + H + e−. In the case of
p on atomic hydrogen, since the outgoing electron should take care of the excess energy,
cross section drops o rapidly at the ionization threshold.
p + H ? pp + e







Figure 2.5: CTMC simulation of formation cross sections of protonium[46].
As is easily seen, to determine the formation cross section, we need to have monoener-
getic, slow antiproton beams. In addition, other bound states formed in vacuo like pHe+,
pLi+, etc. will all be of interest[47] for a systematic understanding.
Fig.2.6 shows a comparison of measured and theoretical cross section of ionization of
atomic deuterium by antiprotons. There are signicant dierences among theories in the
lower energy region where there is no experimental data available. To elucidate, we need
to have low energy beam of antiprotons.
4Here, we dene an exotic atom as an atom in which one of the electrons is replaced by a heavier
negatively charged particle like −, −, K−, p, etc.
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TDSE Wells et al (96)
CTMC Wells et al (96)





























Figure 2.6: Ionization cross section of atomic deuterium with antiproton impact[48].
Hydrogen is a matter with the simplest atomic structure and serves as a starting point
of atomic physics. Deuteron, which contains one proton and one neutron, is the most basic
material to understand the nuclear force. Positronium has been a matter of question for
precision tests of QED theory. In the same manner, pp will be of great importance as the
elementary composite of matter and antimatter.
Furthermore, by elucidating the interactions of antiprotons with matters, we would be
able to use antiprotons as a probe. For example, in the case of positron, by using their
nature to produce two photons in opposite direction at the annihilation they can be used
as a probe like PET. It is possible only after we understand the interaction.
That is how we were motivated to produce ultracold antiproton beam.
2.2.1 Summary of planned experiments
Table 2.1 summarizes the scope of the ASACUSA proposal in comparison with the
PS200, PS205, and PS194 experiments at LEAR.
16
Table 2.1: The scope of the ASACUSA proposal in comparison with previous
LEAR experiments[41].
At LEAR Present proposal Keywords
Mode Parasitic beam Dedicated
p energy 5.3 - 21 MeV 5.3 MeV
(p intensity) (108−9/pulse, 1 pulse/10min) (107/pulse, 1 pulse/min)
(104−5/sec, continuous) 10 - 130 keV with RFQ High energy regime
( 107/pulse, 1 pulse/min) ! Low energy regime
10 eV - 10 keV DC from Trap
Laser wavelength accuracy 5 ppm 0.2 ppm pHe+ conrmation
! High-precision test of 3-body theory
High resolution spectroscopy Resolved by laser Microwave-laser triple resonance Level schemes established
(3% accuracy) (10−7 accuracy) ! Improve antiprotonic Rydberg constant
Hyperne splitting observed
! QED test of the hyperne structure
Initial population and lifetimes
! \Primordial" population
Interaction with H2
! Systematic study of quenching
by H2, D2 and other atoms/molecules.
p energy loss 30− 3000 keV 10− 130 keV from RFQ High energy regime
! Low energy regime
Solid targets Si and He
TOF measurements Electrostatic energy
selection and analysis
p channeling 1.4 MeV  100 keV from RFQ High energy regime
! Low energy regime
p ionization 13− 3000 keV 1− 10 keV from Trap Fast collisions
! Adiabatic collisions of few-body systems
Atomic hydrogen Atomic hydrogen
Noble gases Noble gases
Molecules
Single and multiple ionization Single and double ionization
p capture ||{ 50 keV from RFQ ! p drift in dense media
10 - 100 eV from Trap ! Initial stage of p atom formation
! Search for stable p atoms in vacuum
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2.3 ASACUSA project - Preparation of ultracold an-
tiprotons
To perform the experiments which requires ultraslow antiprotons, two steps will be
taken to further decelerate antiprotons from AD. In Table 2.2, production scheme of
ultracold antiprotons is given.
Machine Energy of antiprotons
AD 5.3 MeV
#
RFQD  50 keV
#
Trap < 10 eV
#
Extraction beamline 1 keV - 10 eV
Table 2.2: Production scheme of ultraslow antiprotons.
A radio frequency quadrupole decelerator(RFQD) was designed for the ASACUSA
project by a specially organized work group at CERN[49]5. Ejected antiprotons from AD
have energy of 5.3 MeV. In other experiments (ATHENA, ATRAP ; See Section 2.1),
degrader foils are located in their path so that a certain fraction of antiprotons will have
axial energy below the catching wall potential, whose height is limited by a power supply.
Thus, the trapping eciency are extremely low (It was  0.1 % in the case of PS200.).
In our case, for the sake of RFQD, we can expect trapping eciency of the order of
several tens of percent, more than two order of magnitude higher than other trapping
experiments, which is essential for the beam generation.
The RF electrodes are floatable so that the output energy is variable within the range
10keV - 120keV.
After the RFQD, low energy beam transport part comes. Its function is to transport
the decelerated beam and focus it at the trap (or other target). As focusing elements,
two normal conducting solenoids are used. Drawing of the low energy transport part is
shown in Fig.2.8.


















Figure 2.8: Details of Low Energy Beam Transport (LEBT) section.
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Simulations of the low energy beam transport through RFQD and LEBT to the trap
located in the middle of a superconducting solenoid were performed[50]. The results are
shown through Fig.2.9 to Fig.2.12. In Fig.2.9, geometries are given. By optimizing the
eld strength of the solenoid, the diameter of antiproton beam was reduced down to 5
mm at the trap center (Fig.2.10) Fig.2.11) shows the transversal beam characteristics. In
the simulation, 503 particles were used. Moreover, 34% of the particles coming from AD
can be delivered within a square of 1 mm  1 mm in a plane perpendicular to the beam
direction.
SC solenoid




Half length of SC solenoid : 908 mm
Half length of magnet windings : 700 mm
(RFQ solenoid)
Figure 2.9: Geometry for the simulation of beam transport from the RFQD
to the trap. The z-axis is taken along the axis of azimuthal
symmetry with its origin at the RFQ inside wall.
For the augmentation of trapping eciency6, to put a degrader foil is considered.
Fig.2.12 shows the result including the foil. The ratio of the antiprotons which has its
position inside a square of 1 mm  1 mm will be 36%, slightly better than the case
6We are planning to inject antiprotons at 60 keV into the trap while designed stopping potential is
10 kV. Without the degrader foil, practically no antiprotons will be captured in the trap. We can expect
to increase the trapping eciency by applying a voltage on the foil so that the incoming particles are

















Figure 2.10: Simulated beam envelope. Total diameter of about 5 mm is
achieved.
without the foil. Although the drawback like an increase in the beam divergence and the
particle loss might occur, no negative eect has been found in the simulation.
Once antiprotons are caught in the trap, reduction of their energy will proceed as
shown in Fig.2.13. First of all, electrons are preloaded in the trap and they cool them-
selves via synchrotron radiation. Then, antiprotons with a few tens of keV are injected
and caught by rapid switching of the entrance high voltage. Antiprotons give part of their
energy to electrons by Coulomb collisions and electrons radiates. Eventually, both elec-
trons and antiprotons will be cooled. Extraction will be done by changing the potential.
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Figure 2.11: Transversal beam characteristics at z = 1.45 m. 503 particles


















Figure 2.12: Beam transport simulation including a degrader foil.
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Antiprotons from RFQD : 10 ~ 60keV
Electron spheroidal plasma













Figure 2.13: Capture and cooling of antiprotons from RFQD. Antiprotons
captured by rapid change in the entrance potential lose their
energy via Coulomb interactions with preloaded electrons. After






For easiness, suppose that ions and electrons coexist with the same density n0. If the
density of electrons becomes ne = n0 + n,
@ne
@t





+ (ve  r)ve
)
= −neeE (Equation of motion) (3.2)
r  E = e
0
(ni − ne) (Poisson’s equation) (3.3)
Let it be supposed that n;ve; andE are small. Finding a solution to n neglecting







n = 0: (3.4)






which is called the plasma frequency.
3.2 Debye length and plasma shielding
Let us take a spherical coordinate with its origin on a charged particle inside a cloud





(ni − ne): (3.6)
Assuming (1)that heavy ions do not move signicantly and (2)that electron’s distri-























Assuming that the relation e(r)  kBT holds, we can nd a solution of Eq.(3.8)









. It can be seen that the eld of
the test charge is screened out by surrounding charges with a characteristic length of D.
When the size of the charged particle clouds is larger than D, since individual particle
beyond the Debye length cannot be identied from the test charge, collective phenomena
will be important. We can dene that system as a plasma.
As we assumed that the motion of ions does not take an important role, the property
of the plasma is considered to be mainly determined by electrons. Thus it is possible
to extend the notion to the whole system consists of electrons. Further more, since the




Assuming a distribution function depends on space, momentum and time, we can































































= F  @f
@p
: (3.12)
By further assuming that the net change of f is only caused by collisions, we have
@f
@t









Eq.(3.13) gives the Boltzmann equation. Here, the meaning of the word "collision"
needs to be explained. In most of the case, electromagnetic force is so important to treat
plasmas that we can write the external force on a particle in a plasma as f = q(E+vB).
Of course the Coulomb force is long-range, that means for E or B at a certain point in
space, contribution from distant charged particles is not negligible. Nevertheless, these
contributions from particles farther than the Debye length can be renormalized into global
parameters E and B. Hence the right-hand side of Eq.(3.13) represents actions by charged
particles in the vicinity of a position in consideration. This is what is meant by "collision".
3.3.2 Vlasov equation
When we can neglect the eect of collisions, Boltzmann equation reduces to
@f
@t
+ v  rf + F  @f
@p
= 0 (3.14)
This is the so-called Vlasov equation ( = collision-less Boltzmann equation). As an
inter-particle interaction, it only contains the one from collective motion of particles. In
turn, it is suitable for the description of plasmas where collective motions is the main
characteristics. Normally, to solve Eq.(3.14) we need to know E and B, which are deter-
mined by the distribution function f . Thus, it is necessary to solve Eq.(3.14) with a set
of Maxwell equations simultaneously.
3.4 Spheroidal non-neutral plasma
3.4.1 Rigid-rotor equilibria
When we can neglect the transport of the particles, ionization, recombination etc., the
system can be said to be collisionless and we can examine the equilibrium with Vlasov-
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Maxwell equations. Let us further assume that the particles are non-relativistic and the
self magnetic eld created by their motion is negligible. Let us write the distribution
function with the constants of motion, especially in the form
f0 = f0 (H? − !rLz ; pz) : (3.15)










Supposing a uniform magnetic eld in z-direction, we can calculate the canonical
angular momentum from Eq.(A.5),
















































vy = !rx: (3.20)
These relations describe a plasma rigidly rotating around z-axis with a frequency of
!
r
 r^ (See Fig.3.1).
Then from the condition on radial connement of the plasma, n
r!1! 0, we can nd
the parameter region of stable connement (Fig. 3.2).
In the cold, uniform density limit, either !+ or !− will be realized depending on the
initial formation condition of the plasmas[24, 51].
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Be- + p spheroidal plasma 
b0 L0
w r
Figure 3.1: Rigid rotation of a plasma in a trap with cylindrical electrodes.





























where "j  sgn(qj). Especially, in the case of an antiproton + electron plasma, the



















Here, !cp and !pp are cyclotron and plasma frequency of antiprotons respectively and




2, of an outermost antiproton is shown for various combination


















Figure 3.2: The hatched area in the gure represents a region where plasmas






referred to as a self eld parameter se. The quantity nB is called



























Figure 3.3: Rotational energy associated with the azimuthal rotation of the
plasma. Plasma radius (b0) was assumed to be 1 mm, and calcu-
lation was done for an antiproton at r = 1 mm).
We should memorize that the energy associated with the azimuthal rotation can be
large even if the temperature of the plasma is low. Note also that under an equilibrium
condition, heavier particles rotate faster than lighter ones. Putting the value of np = 10
8
[cm−3], ne = 108 [cm−3], and B = 5 [T], rotation frequency becomes !rp = 390 kHz for
antiprotons and !re = 360 kHz for electrons.
In addition, if there are more than two species with dierent mass or charge, centrifugal
separation will occur. In experiments on systems which allow the sympathetic cooling[53,
54], the phenomena are actually observed. Since electron cooling is a kind of sympathetic
cooling, it can also occur. So far, no reliable estimation is obtained on the time scale for
it to happen.
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3.4.2 The Brillouin limit




= −eE + evB: (3.24)
(3.25)





















!2p − !c!r = 0: (3.28)
Here, !r  vr is the rigid rotation frequency of the plasma, described in Section 3.4.1.





is satised. The equal sign in the Eq.(3.29) gives the Brillouin limit[55]. If the density
of the plasma reaches this limit, canonical angular momentum becomes zero and the
magnetic eld has eectively no influence on the plasma[56], namely the flow can be
regarded as free.
It is important to note that, in the case of electron + antiproton plasma, the electron
density should not exceed the Brillouin limit of antiprotons. For example, in the magnetic
eld of 5 T, it cannot be larger than 6.6 1010 [cm−3] for the coexistence of two species.
3.4.3 Electrostatic modes
The rst formulation of plasma modes of spheroidal non-neutral plasmas was done
by Dubin[25], assuming that the plasma is in T = 0 cold fluid thermal equilibrium1.
According to his theory, the problem is reduced to solve Maxwell’s equation inside






















1In the case of innitely long cylindrical plasmas, the dispersion relation is given by Trivelpiece-Gould
modes[57].
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Here Pml and Q
m
l are respectively associated Legendre functions of the rst and the









, and l is a non-negative integer
(l  jmj). Other factors are given by 1 = 1 − !
2
p
(!2−!2v) ; 2 =
!v!2p




!v = !c − 2!r (cyclotron frequency seen on the frame rotating with the plasma).   L0b0
is the aspect ratio of the plasma, where L0 and b0 are dened in Fig.3.1.
This equation relates a mode number (l; m) to a frequency !. The index m denotes
an azimuthal dependence on the plasma modes.
In the limit of strongly magnetized plasmas (!p  !c), the cold fluid dispersion









In Table 3.1, some of modes with lower mode numbers are listed with schematic
drawing of motion.





Table 3.1: Normal modes of spheroidal nonneutral plasmas. Frequencies are
calculated for b0 = 1 mm, Ne = 1:0 108, B = 1 T, Vtrap = 50 V.
Frequencies are calculated by numerically solving Eq.(3.31), assuming these param-
eters: plasma radius b0 = 1 mm, total number of constituent particles Ne = 1:0  108,
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magnetic eld strength B = 1 T, and trap depth Vtrap = 50 V. Under these condition, 
becomes 38.6.

























































[r2(!r!c−!2r)− 2em (0)]: (3.35)
When the existence of the electrode cannot be neglected, in other words, when we
cannot assume that the electrode wall is far from the plasma, frequencies will dier from
calculated values above because of the image charge[38].
3.5 Multi-ring electrode trap
When a Penning type trap is dedicated to the connement of plasmas with electrodes
consist of cylinders , it is often called Malmberg ( - Penning) trap. Combination of
rectangular potential well and magnetic eld is used. This is widely used in the studies
of trapped nonneutral plasmas.
Multi-ring electrode trap[38, 58] was originally developed at the Kyoto University,
which can be considered to be an axially elongated Penning trap of a plasma version.
Electrodes consists of a number of cylinders, which facilitates, for example, compensation
of an image charge created by a trapped plasma. In the case of cylindrical plasma,
connement property depends on the length of the plasma(Section 1.2), while multi-ring
structure assures longer lifetime with little dependence on the plasma length. This new
apparatus has opened a new area of research like the survey of various plasma modes[59],




ASACUSA Trap - Design and
Construction
4.1 Selection of the cooling method and the type of
the trap
For the production of cold antiprotons, cooling is necessary. What we need to do is to
reduce the energy from negatively charged antimatter that has no atomic level. Table 4.1
compares three major cooling methods. Laser cooling is the method with which one can
achieve the lowest energy, but only when appropriate energy levels for laser irradiation are
available. It is not the case for antiprotons. Buer gas cooling is known as one of the best
cooling method for positrons. However, cooled antiprotons will form exotic atoms with
coolant molecules, and eventually annihilates. Unlike others, electron cooling is suitable
for the purpose. Antiprotons can coexist with electrons which radiate their energy in the
strong magnetic eld. At LEAR, this technique was actually applied to the relatively
small number (< 105) of antiprotons trapped in Penning traps.
Cooling method Laser cooling Buer gas cooling Electron cooling
Availability   ©
No atomic level Annihilation with materials In Penning traps etc.
Table 4.1: Selection of cooling methods.
Though the consideration above leads us to the usage of a Penning trap for the cooling,
if we are to store a number of particles in the trap, the size will be huge. On the other
hand, cooled antiprotons will behave like a nonneutral plasma. For example, for a cloud
of antiprotons with 100 K, density at 108 cm−3, the Debye length will become about
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100 m, which will be much smaller than the trap size. As a container of nonneutral
plasmas, Penning-Malmberg trap is known, which unfortunately has a length-dependent
connement property (Sec.(1.2). This seems to be at least partly because of the fact that
longer well potential creates longer eld free region where only self-eld of the plasma
exist. Multi-ring trap can realize a large trapping volume as well as a eld anywhere
inside the trap.
4.2 Design concepts
In designing the trap, following three requirements are especially considered :
1. The number of trapped particles will be 107−9, for 106−8 antiprotons cooled by
electrons.
2. Preparation of antiprotons with sub-eV energy within one minute (the value of
which comes from the pulse interval at AD).
3. For the extraction of cooled antiprotons from the trap which is located in the strong
magnetic eld, it is necessary to manipulate the shape of plasmas.
As low energy charged particles tend to follow the eld line, it is essential to make the
position of the particles as close to the axis as possible for their extraction as a beam.
One solution is the application of a rotational electric eld, known as a \rotating wall
method". Such a eld can exert a torque on the plasma so that the plasma shape can be
changed[64, 65]. This method is thought to be eective in our application and one of the
electrodes is segmented for the radial compression of the plasma.
When the plasma composed of electrons and antiprotons is axially compressed in
this way, it stretches in the harmonic region. It can be noted that the square potential
does not allow such an axial expansion that the space charge can be higher. To reduce
the space potential while keeping the cooling power high enough, central harmonic re-
gion is elongated in the axial direction so that the density will be optimum. Multi-ring
structure[38, 58] is exploited to generate such a harmonic potential. Within a family of
Penning-type trap, that is a unique apparatus which can contain charged particles in a
large harmonic potential.
Advantages to have axially long harmonic potential region are :
(a) It ensures longer lifetime of plasmas than in the case of square potential (See Section
5.2).
(b) When the plasma radii are reduced, plasmas can freely accommodate themselves so
that their axial lengths are longer, which can reduce a space charge.
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(c) It denes a frequency of the plasma CM motion ((1,0) frequency) which can be used
for diagnoses and controls. For example, sideband cooling of plasma by coupling
the (1,0) mode and rigid rotation becomes possible.
(d) Image charge can be compensated, if necessary. When the existence of the wall is
not negligible, plasma mode frequencies will dier from the value calculated without
image charge eect, which prevents the precise determination of densities and aspect
ration etc.
4.2.1 Electrodes of the harmonic region
Electrodes in the central harmonic region are designed so that they create a potential






Here, I0 is a modied Bessel function of the rst kind. Calculation was done by
connecting the Fourier expansion of the potential at the electrode (one hundred terms in
Fourier series were used) to the potential inside (Eq.(4.1)). In Fig.4.1, the graph on top
(a) shows the potential applied on the electrode, which form a potential at r = 1 cm as
in (b) and on the center axis as in (c). The superposition of a quadrupole function onto
the potential distribution along the center axis (d) shows a fairly well agreement. Their
dierence is shown in (e). We emphasize that the trapping region is much larger than
any other traps for spectroscopy. Practically, the truly quadratic potential for the high
precision spectroscopy can be realized only in a limited volume[66]. The point is that we
have quadratic trapping region of the size comparable to the one of nonneutral plasma
apparatus (Malmberg-Penning traps) which can only produce square potential.
4.2.2 Eect of error elds
The existence of asymmetries in the electrode structure or in magnetic eld distribu-
tion can cause a drag on the plasma so that the plasma would radially expand[67, 68, 69].
Transport can be caused either by electric eld asymmetry (due to the E  B drift) or
by magnetic eld asymmetry (due to the rB drift). When the pressure around the trap
is less than 10−8 Torr, particle loss due to eld asymmetry can be dominant[29, 70].
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Figure 4.1: Calculation of the potential. (a) Potential given at the electrode
surfaces (r = 2 cm). (b) Potential along z-axis, at r = 1 cm. (c)
Potential along the center axis. (d) Superposition of quadratic
function on (c). (e) Dierence between the quadratic function
and the potential along the center axis.
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4.2.3 On the extraction of stored particles
As was previously experienced[11], extraction of ultracold antiprotons from a Penning
trap would be extremely dicult primarily because :
1. Slow antiprotons tend to follow the magnetic eld line which is diverging at the end
of the solenoid.
2. Experiments with gaseous targets are planned. Several apertures with small diam-
eters are necessary to make the eective dierential pumping.
Simulation of beam extraction is being performed[71]. Extraction energy of 1keV is
assumed. If antiprotons are radially located within 1mm in radius, it seems possible to
transport them from the trap to the chamber a few meter apart from it. This results
coincides with the former simulation[11]. Just before the target, beam energy will be
reduced. As an example of low energy beam generation from initially hot particles, we
note that so far, cold positron beam was obtained in the magnetic eld[72].
4.3 Calculation of the time constant of electron cool-
ing of antiprotons
Supposing that an antiproton cloud (density np, temperature Tp[K]) and an electron
cloud (density ne, temperature Te[K]) are uniformly mixed at a time t = 0, numerical cal-
culations were done to estimate the time necessary for the electron cooling of antiprotons.
Time evolution of Tp and Te were determined by following set of equations
dTp
dt
= pe(Te − Tp) (4.2)
dTe
dt
= ep(Tp − Te)− TeA (4.3)
where A ’ 8
B[T]2 is a synchrotron radiation cooling rate found experimentally[58]. Elec-
trode walls are assumed to be suciently cold. Using Boltzmann constant(kB), electronic















































Fig.4.2 and Fig.4.3 are examples of calculations. Realistic experimental conditions
are assumed : B = 5[T], Tp(0) = 5:8  107[K](= 5000[eV]), Te(0) = 4[K] , Coulomb
logarithm1 ep = pe  30. For the calculation in Fig.4.2, np = 108[cm−3], ne = 108[cm−3]
were inputted and in Fig.4.3, np = 10








































with the quantity a dened as a  e240T It is known that the collision frequency   na2v (n is the
density of the collision partner.) multiplied by ln approximately describes the eect of collisions that
take place at a position farther than a (distant collisions)[73].
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It can be seen that just after the injection, electrons are abruptly heated up by in-
coming hot antiprotons, and lose their energy via synchrotron radiation. Eventually both
antiprotons and electrons will be cooled below 1 eV within one minute. We may note
that the cooling time will be longer if we consider the anisotropy on the space and the
temperature. Cooling time is thought to be optimized by adjusting the densities of two
species.
4.3.1 Centrifugal separation of the cooled electron + antiproton
plasma
As described in the Section 3.4.1, when multi species are contained in the same trap
and cooled by some means, centrifugal separation would eventually occur[74]. Our main
interest is the time scale for it to happen, which is still under study, by way of MD
simulations, for example[75, 76].
4.4 Technical considerations
There were lots of challenges in the construction of the trap which should be located
in an extreme environment like high magnetic eld, low temperature, ultra-high vacuum.
It is described in this section how those requirements were fullled.
4.4.1 Heat conduction
First, let us calculate the heat exchange by radiation. Suppose that there are two
surfaces with dierent temperatures(TH for higher and TL for lower). For the surface
with higher temperature and lower respectively, we can dene the areas (AH and AL) and
emissivities2 (H(T ) and L(T )). Then the energy carried by radiation per unit time is
given by the Stefan-Boltzmann’s law :
2An emissivity is dened at a frequency  as the ratio of a emissive power from a surface of an object
with temperature T to the one from the surface of a black body of the same temperature :
(T )  e(T )
eb(T )
;
which is called a monochromatic emissivity. When it is not necessary to specify the frequency, we have
(T )  e(T )
eb(T )
:







T 4H − T 4L
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(4.6)
















and we took the grey surface approximation, viz, the emissivities were assumed to be
independent of both frequency and direction.
Now take an outer surface of the trap to be at TH and the inner surface of the bore
tube at TL as an example. By further assuming that the heat capacitance of the electrode,
C , is constant in the temperature range of interest, we may write the Eq. (4.6) as
dTH
















Taking the values TH = 300 K, TL = 4 K,  = 5:7  10−12 [W cm−2 K−4], we can
estimate the time for TH to be 10 K is in the order of 10
11 sec, which means that the
temperature change due to radiation is negligible. Using the trap geometry shown in
Fig.4.4, we can thus neglect Q2. For initially hot electrodes to be cooled down to the







Trap (OFHC copper, gold plated)
Figure 4.4: Geometry of trap electrode in a cylindrical bore tube.
On the other hand, suppose that the electrodes are initially cooled. Using Stefan-
Boltzmann’s law, we can also estimate the heating eect (Q1 in Fig.4.4) by the radiation
from outside. The most serious part is the outermost GND electrode since others are
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shielded by this. We now know that radiation from the surface of the electrode does
not help, heat flow through the base plate (Q3) should compete with heat from outside.
Assuming that there is a 300 K radiator at the end of the bore tube3 and the heat
capacitance of the bore tube (4 K) is innitely large. From Eq.4.6, Q1 is estimated to be
in the order of 10−2 W, while Q3 is approximately given by 10−4A W/K. Here, A cm2 is
the contacting area between the GND electrode and the base plate. Making A to be about
10 cm2, temperature rise below 10 K can be realized. The contact area was designed to
be about 9 cm2 For all the other electrodes, there yet exist another heat source, which is
cables. Their eect are given in Sec.4.6.1, which is also tolerable.
4.4.2 Material selection
The material used in the trap should be : (1) ultra-high vacuum compatible, (2)
usable in cryo temperature, (3) bakable, and (4) non-magnetic.
As a non-magnetic, ultra-high vacuum compatible material, we decided to use copper
to make electrodes. All the electrodes are made of OFHC copper (C1020), which is known
to be usable in cryogenic environment, with the machining precision of 20 m and gold
plated with the thickness enough to improve the surface property, namely to prevent
the oxidation, while the precision is tolerable. Machining was done after the removal of
stress by annealing. They are aligned on a base plate which is machined with the same
precision. Especially great care was taken for the base and the segmented electrode so as
not to introduce eld asymmetry.
Aluminum nitride (AlN ; Tokuyama SH10) used as insulators has high thermal con-
ductivity, higher than normal AlN and, e.g., a few times more than that of deoxidized
copper. It was ideal to have as much heat conduction as possible while keeping electric in-
sulation. In other places where only insulation is necessary, Macerite HSP(Mitsui Mining
Material Co.,Ltd.) was used. Its thermal conductivity is two order of magnitude smaller
than that of AlN as listed in Table 4.2.
In Table 4.2, thermal properties of various materials are summarized.
3since thermal shield exists at the end, this is an over estimation.
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Material Specic heat Thermal conductivity Coecient of Emissivity
[Jg−1K−1] [Wm−1K−1] linear expansion [K−1]
OFHC copper 0.385 (RT) 391 (RT) 17.7 10−6 (RT) 0.02 (50 - 100K)
(C1020) 0.195 (77K) 482 (100K) 18.3 10−6
16200 (4K) (RT ! 1273K)
Deoxidized copper 220 (RT) 0.038 - 0.06 (RT)
120 (77K)
7.5 (4K)
Phosphor bronze 17.0 10−6 (RT)
Beryllium copper 90 (273K)
98% Cu, 2% Be 36 (77K)
2 (4K)




Al 1.00 (RT) 237 (RT) 23.1 10−6 (RT) 0.01 - 0.06 (RT)
0.336 (77K) 302 (100K) 12.2 10−6 (100K)
15700 (4K)
Au 0.135 (RT) 317 (RT) 14.2 10−6 (RT) 0.01 - 0.03 (foil;RT)
0.097 (77K) 327 (100K) 11.8 10−6 (100K)
209 (4K)
Ag 0.249 (RT) 429 (RT) 18.9 10−6 (RT) 0.02 - 0.03
0.162 (77K) 450 (100K) 14.2 10−6 (100K)
14700 (4K)
Macerite HSP 0.80 (RT) 1.7 (RT) 9.8 10−6 (RT ! 473 K)
AlN 200 (RT) 8.0 10−6
(SH10;Tokuyama) 500 (100K)
15 (4K)
Al2O3 0.8 25 - 30 (RT) 8.0 10−6
(99.5 %)
Table 4.2: Thermal property of materials.
In Table 4.3, physical and electrical properties of various materials are summarized.
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Material Density Volume resistivity Dielectric constant Dielectric strength
[gcm−3] [Ωm] [kVmm−1]
OFHC copper (C1020) 8.93 1.71 10−8 (RT)
3.5 10−9 (100K) - -
2.0 10−11 (10K)
Beryllium copper 8.2 -
SUS304 7.8 7.2 10−7 (RT) - -
SUS316 7.98 7.4 10−7 (RT) - -
Al 2.69 2.7 10−8 (RT)
4.4 10−9 (100K) - -
1.9 10−12 (10K)
Au 19.3 2.2 10−8 (RT)
6.5 10−9 (100K) - -
2.3 10−10 (10K)
Ag 10.5 1.6 10−8 (RT)
4.2 10−9 (100K) - -
1.2 10−11 (10K)
Macerite HSP 2.67 4.8 1013 (RT) 6.5 (1MHz) 15
AlN 3.3 > 1012 (RT) 8.5 (1MHz) > 15
(SH10;Tokuyama)
Al2O3 3.8 > 10
12 (RT) 10.2 (1MHz) 12
Table 4.3: Physical and electrical property of materials.
4.4.3 Temperature rise in the case of magnet quench





If we assume a magnetic eld of an innitely long solenoid, we can rewrite Eq.(4.10)












Neglecting the second term in Eq.(4.11) since we are interested in the azimuthal cur-







 a = const: (4.12)
Now let us take a geometry like Fig.4.11 and integrate Eq.(4.12) from the inner di-




(r1 + r2): (4.13)
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From Ohm’s law J = gE, we can write
J = gE (4.14)
in our case. Hence
J = gE = −ag
2
(r1 + r2): (4.15)
Our magnet can be de-energized approximately at the rate of 0.03 [Ts−1]. Putting the
values listed in Table 4.2 and Table 4.3 with the dimensions in Fig.4.9 and Fig.4.11, we
can estimate that the temperature will increase 0.04 K, which is no problem.
By following the same way temperature change of the support ring was estimated to
be 6.7 K. This value corresponds to a radial expansion of 20 m, which is also within the
tolerance.
4.5 Control system
Since the whole set up will be installed inside the AD ring, there will be little possi-
bility to access the experimental area during the experiments. This is why almost all the
apparatus are remotely controlled. Labview + GPIB control scheme is used.
4.5.1 Electronics
Voltages on the trap electrodes were controlled by amplifying the output of a signal
generator (NF 1946) using a fast operational amplier (PA85) with a slew rate of 200
V/sec. Output range is 150 V. The circuit diagram is shown in Fig.4.5.
Catching the energetic antiprotons ( 10 keV) which enter a trap as a bunch of 250
nsec requires fast voltage switching on the entrance high voltage electrode. For an 10
keV-antiproton, traveling time for a bounce from the entrance HV electrode (HVF in
Fig.4.8) to the exit HV electrode (HVB in Fig.4.8) becomes 700 ns. Considering that we
want to catch tail antiprotons, we can sets the upper limit of the rise time as 450 ns.
A thyratron (EG&G ; 7322) is used for this purpose. (Fig.4.6 for p or H− and Fig.4.7
for proton trapping). a TTL pulse triggers the thyratron and a fast rising high voltage
is applied to the HVF electrode. Typical rise time is about 100 ns. After several msec,
thyratron is replaced by a high voltage power supply (MATSUSADA ; HWR-25N or -25P)
to maintain the high voltage.
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Figure 4.7: High voltage electrode control scheme (proton operation).
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4.6 ASACUSA Trap assembled
In Fig.4.8, the conguration of the trap electrodes is given. Central harmonic region
is created by ve electrodes (FH2-BH2). One of them (S) is azimuthally segmented into
four identical parts for the application of rotating electric eld. F1 and B1 are to dene
the end of the harmonic region. They are longer than F2, F3, and B2 so as to prevent
the outer eld come into the harmonic region. Two electrodes, "HVF" and "HVB" are
to capture energetic antiprotons from RFQD.
Segmented electrode










Figure 4.8: Conguration of trap electrodes. "HVF" and "HVB" are to cap-
ture energetic antiprotons from RFQD. Central harmonic region
is created by potentials given on ve electrodes (FH2-BH2). One
of them (S) is azimuthally segmented into four identical parts.
Fig.4.9 is a precise drawing of the trap with dimensions.
Fig.4.11 shows how the trap is installed in a bore tube. To ensure sucient thermal
contact between the electrodes and insulators, silver foils (thickness  10 − 20m) were
inserted in-between. Furthermore, a Multilam band (Multi-Contact ; type LAI) was
attached along the outer circumference of each support ring. This band has many torsion
spring contacts made of silver-plated copper beryllium, which is normally used to make
electrical contact between two surfaces where large current flows.
We put a Rh-Fe sensor (27 Ω at RT) to monitor the temperature of the trap (Location
is shown in the Fig.4.11). The temperature change during the cooling down of the magnet
is shown in Fig.4.10. The discrepantly in the low temperature region seems to result from
the cabling of the thermometer. Though four wire resistance measurement technique was
used, the resistance of wires seems aected the reading. Anyway, it was conrmed that



















































Figure 4.10: Heat transport measurement during the cooling down of the
bore tube. ITC503A and ITC503B are thermometers located
on the bore tube, near the trap. The discrepancy between the
trap temperature and the bore tube temperature (readings of
ITC503) in the low temperature region comes from the resis-
tance of the wire which connects the RhFe sensor to the con-
troller.
Fig.4.12 is a picture of the assembled trap. For demonstration, one of the segments of
the azimuthally sectored electrode is detached with its support bar.
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Multilam bandRh-Fe temperature sensor
(In the middle of the base plate)
f 40
f 163.7
Figure 4.11: Structure of the trap support ; axial view
One part of the segmented electrode
}Harmonic potential
Figure 4.12: Picture of the ASACUSA trap.
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4.6.1 Cabling
Cables used to supply powers and to detect signals were designed to fulll the following
conditions.
1. Shielding was denitely necessary. For the observation of plasma modes, detection
of faint induced current requires it and for the HV cables, it prevents the induction
on signal cables.
2. Materials should not aect the magnetic eld and at the same time should be ultra-
high vacuum compatible. Operation under the liquid He temperature is necessary.
3. In addition to the radiation considered in Section 4.4.1, heat transport due to ca-
bles in never negligible. To minimize the heat load to the bore tube, lower heat
conduction was preferable.
Together with the conditions above, for signal cables, a SUS304 wire of 0.2 mm in diameter
+ thin alumina pipes and bises surrounded by SUS304 tubes (2, t0.15) are used. Outer
tubes were connected to each other by spot welding. Thermal conductivity is anticipated
to be less than 10 Wm−1K−1. Structure of the HV cable is schematically shown in
Fig.4.13. Thermal conductivity is anticipated to be less than 10 Wm−1K−1 for signal
cables and less than 300 Wm−1K−1 for HV cables. Total heat flow through a HV cable
is less than 3  10−4 W K−1, which is comparable to the radiation from outside given in
Sec. 4.4.1.
Fig.4.14 is a picture of the installed trap and cables, taken from the downstream end
of the bore tube.
4.7 Vacuum requirements
For simplicity, suppose that trapping by electric and magnetic elds are complete so
that the lifetime of antiproton plasmas is decided by annihilation with residual gases. Let
us assume that antiprotons (1000 K in energy) are conned in the ambient temperature of
10 K. As an annihilation cross section, we may use 10−16 cm2, which is a typical formation
cross section of antiprotonic atoms. The condition that antiprotons should survive 1000







ceramic pipe (OD8, ID5)
SUS304 tube (OD10.1, ID9.1)
Figure 4.13: Structure of the cable for high voltage application. Straight
parts where there is no necessity of flexibility were thoroughly








(at the trap end) Power supply and monitor cables
Figure 4.14: ASACUSA trap inside the bore tube.
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4.7.1 Vacuum system
Turbomolecular pumps + Rotary pumps are used for the evacuation of the system.
Since the bore tube will be cooled, the main component of the residual gas is hydrogen.
(Consult Fig.4.15, vapor pressures of various materials vs. temperature are drawn.)
To gain the compression ratio, an extra 70 ‘/sec turbomolecular pump was inserted
between the rotary pump and the two turbomolecular pumps attached to the bore tube
part. (Actual positions are schematically shown in Fig.5.1.)
At the entrance of the magnet, a 300 ‘/sec ion pump (Varian Triode) is attached
to keep the low pressure. Since around 4 K, most of the evacuation power would come
from the cryogenic bore wall (cryopump!), one gate valve is located at the head of each
turbomolecular pump so that we can disconnect it from the main chamber.
4.8 Superconducting solenoid
Magnetic eld for the connement of particles is another key to the trapping of
particles. A superconducting solenoid manufactured from ultra ne NbTi lament was
constructed. Drawing is shown as Fig.4.16.
4.8.1 Specications
Below are the specications of the superconducting magnet, which t our require-
ments.
Field strength
The maximum eld strength is 5 T. The strength is variable at the speed of 0.03
T/sec.
Field uniformity
In addition to the main solenoid, compensation coils are placed so that the eld uni-
formity is guaranteed to be within 0:5% over the region of 1100(length)  10(diameter).
Of course the trapping region is smaller than this and the eld would be less distorted
there.
Cryostat
Cryostat consists of two parts, one small reservoir tted around the coil and the main




































































It is essential for the experiments of antimatter to keep the pressure as low as possible.
The bore tube made of SUS304 is bakable up to 420 K and can be operated at 3.5 K.
Alignment of the trap axis
Whenever there is an electric eld non-parallel to the magnetic eld, E  B drift
occurs. Apart from the eld asymmetry comes from the structure, we can minimize the
cross product by aligning the electric eld axis to the magnetic eld line. The bore tube
is connected to the end flanges via nested bellows so that its position can be changed.








liq.N  cooling loop2
liq.He
   cooling loop
Figure 4.16: Structure of the superconducting solenoid
Below, in Fig.4.17 and Fig.4.18, calculated eld proles are drawn to show the shape




























Figure 4.17: Magnetic eld map with iron shields (axial direction). The ori-





































Since antiprotons cannot be easily obtained, protons and negative hydrogen ions
are selected to simulate antiprotons. To apply electron cooling technique, H− ions are
preferable since we can conne them in the same region as electrons. The disadvantage is
that a negative hydrogen has only bound state and corresponding ionization potential is
as shallow as 0.75 eV. This sets an upper limit not only on the beam energy to be 1.4 keV,
but also on the pressure in the trap region (See Sec.5.6). To try to capture higher energy
particles, protons will be the best species. In Table 5.1, these discussions are summarized.
Protons H− ions Antiprotons
Characteristics simple composite simple
(binding energy  0.75eV)
Charge +e -e -e
Mass mp 1.001mp mp
Purpose ? capture of energetic particles ? electron cooling
? radial compression
? extraction
Table 5.1: Characteristics of protons and H− ions compared with antipro-
tons.
All the experiments except the measurement of the dependence of lifetimes of electron
plasmas on the magnetic eld were done under the magnetic eld of 1T.
5.1 Experimental setup































Figure 5.1: Beamline for proton or H− injection. The deflector is used for
pulsing of ion beams. Desired species is selected by the dipole
magnet. All the system is evacuated by turbomolecular pumps
and rotary pumps for roughing. A BA type ion gauge is placed
at the end of the beamline to monitor the pressure.
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There is a set of deflector to chop the beam. The desired ion species were selected by
a dipole magnet. This beamline was designed so that we can have protons up to 100keV,
with the pulse width of 200 nsec. A BA-type ion gauge was used to monitor the pressure
of the bore tube in which the trap is installed, but it is located at the room temperature
position.
In the rest of this section, descriptions of some components are given.
5.1.1 Spindt emitter
Generation of electrons was done by
a Spindt emitter, a microfabricated
eld emitter array. Our require-
ments for the electron gun were cold
emission and no heat load, small
size and high current density, low
voltage operation and compatibility
with ultra-high vacuum. As is shown
in Fig.5.2, a standard Spindt emit-
ter consists of arrays of molybdenum
tips ( 1m)[77], total area covers
1 mm2. The whole emitter array
is mounted on a commercial TO-5
header.
Mo tipsMetal gate film
SiO   dielectric21µm
Silicon Base
Figure 5.2: Structure of the Spindt emit-
ter array
Fig.5.3 and Fig.5.4 show SEM images of the emitter.
10µm
Figure 5.3: SEM micrograph of Spindt
emitter array
Figure 5.4: SEM micrograph of Spindt emit-
ter array
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The same combination of a Multi-ring trap and eld emitter arrays is used in another
experiment at Kyoto university[78].
The emitter was installed on the upstream side of the magnet (Fig.5.1), where the
magnetic eld strength is a few hundred gauss when we have 1T in the middle of the
bore. We attached it on a linear feedthrough so that we can change the radial position.








1 m F 1 m F
Vtips
Relay : G6E-134P
Figure 5.5: Bias supply circuit for the Spindt emitter. While the TTL in is
on, Vtips is applied to the tips.
5.1.2 Duoplasmatron ion source
For the generation of protons and negative hydrogen ions, a Duoplasmatron ion source
(HVEE Model358) was exploited. Fig.5.6 is a schematic drawing of the ion source. Since
negative ions are known to be formed near the boundary of the rst discharge region, we
can extract them by changing the position of the intermediate electrode.
Below in Table 5.2, performance of this ion source is summarized. Current was mea-
sured with the Faraday cup shown in Fig.5.1. Experiments were performed with the
same number of ions as the one expected for antiprotons. For the simulation of 50 keV-
antiproton injection, at least DC current of 50 keV-proton beams should exceed 0.3 A.
This requirement was fullled without any diculty. When the magnetic eld of 1 T was
applied, 60-70% of the incoming beam (1 keV H− ions) was transmitted to the trapping
















Figure 5.6: Cross section of Duoplasmatron ion source. Negative ions are
known to be formed near the boundary of the plasma.
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Table 5.2: Performance of the ion source. DC current of proton beam or H−
ion was measured with the Faraday cup shown in Fig.5.1.
5.2 Connement of electron plasmas
The Spindt emitter was located outside the magnetic eld where the eld strength is
about 100 Gauss . Its radial position was adjustable within 0mm to 55mm and normally
we injected electrons from an o axis point.
Trapping of electrons was done in the following manner. Consult with Fig.5.7.
1. Formation of a potential (on the axis) as the one shown on top.
2. Injection of electrons for about 2.5 sec from the emitter located 2 inch o axis from
the center. Typical current was a few A. The number of trapped electrons were
controlled either by changing the emitter potential or by changing the duration of
injection.
3. Extraction toward a Faraday cup (schematically shown in Fig.5.7) by changing the
potential from upstream electrode to downstream.
Since there was no change in the potentials given to the electrodes during the injection,
namely no active change was made in the entrance wall potential, electrons captured in
the trap can be attributed to the ones that came from ionization of background gas or
the ones that lost energy by collisions.
The number of electrons ejected after certain time was obtained by integrating a
current flowing through a Faraday cup. The change in the number was measured by
changing the trapping time and from the gradient of the least square tted line, the life
time was induced. Here, we dene the lifetime as characteristic time such that the number
of particles becomes 1
e
. Results of these lifetime measurements of electron plasmas are
summarized in Fig.5.8. For both of the harmonic and cylindrical potential (Vtrap = 50 V),





















Figure 5.7: Formation-connement-ejection of electron plasmas.
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with the same name in the legend). In the case noted "high vacuum", the bore tube was
cooled down to 10 K and the pressure monitored with a BA gauge was 5  10−10 Torr.
For other measurements, pressure was about 1 10−9 Torr (bore tube temperature  40
K). Since the gauge is located outside the cryogenic bore tube (in the room temperature
position), the pressure in the trapping region is considered to be much better. The way
to apply rotating eld etc. will be explained in Sec.5.5.
1
10
0 200 400 600 800 1000 1200
2 inch off axis; harmonic
















 ~ 1420 sec
 ~ 640 sec
 ~ 930 sec
 ~ 165 sec
Figure 5.8: The number of electrons in plasmas vs. connement time.
Vtrap = 50 V for both harmonic and rectangular potential. Two
colors with the same description in the legend correspond to the
dierence in the initial number of electrons. Pressure monitored
with a BA gauge was 110−9 Torr. In the case noted "high vac-
uum", the bore tube was cooled down to 10 K and the pressure
was 5 10−10 Torr.
Containment property was also measured as a function of the magnetic eld strength,


























Figure 5.9: Decay of the number of electrons in plasmas with dierent B-
elds.
We can see that the strength of the magnetic eld had little influence on the lifetime,
which is not easily explained1. It can be still governed by the eld non-uniformity or the
misalignment of trap electrodes to the magnetic eld axis. We may note that there exist
a report on the observation of B-independent transport[79] in the region where the ratio
of the axial bounce frequency to the rotation frequency is larger 10  20, which is our
case.
5.2.1 Rectangular potential vs. harmonic potential I
It is remarkable that harmonic potential has a connement ability superior to that of
rectangular potential. This could be understood if we recall the fact that the connement
region in the case of rectangular potential becomes eld free so that the plasma is fragile
against any perturbations like eld asymmetry etc.
1If plasmas diuse classically, the lifetime scales as B2.
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5.3 Observation of plasma modes
Plasma modes described in Section 3.4.3 are useful tools to diagnose plasmas. Cal-
culated mode frequencies are shown in Fig.5.10. Here, realistic parameters are assumed:
B = 1 T, Ne = 1 108, b0 = 6 mm, and Te = 0:1eV. In the abscissa, axial mode number










Figure 5.10: Calculated frequencies of plasma electrostatic modes. Assumed
parameters : B = 1 T, Ne = 1  108, b0 = 6 mm, and Te =
0:1eV.
Below, Fig.5.11 is a generic example of the axial modes observed with a spectrum
analyzer. The signal picked up from the electrode "FH2" was amplied and analyzed
with a FFT spectrum analyzer (SONY Tektronix 3056). Since "FH2" is a ring electrode,
observable modes have axial symmetry. The top gure represents the Fourier transformed
power vs. frequency and the other two gures are showing its temporal change. (1,0) mode
and (2,0) mode are identied with the calculated values in Fig.5.10.
5.4 Plasma diagnostics with tank circuits
5.4.1 Basic concepts of tank circuits
Consider a parallel resonant circuit composed of an inductor, a capacitor and a










Figure 5.11: Observed plasma modes. (1,0) and (2,0) modes can be recog-
nized. (3,0) mode is also visible.
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referred to as a tank circuit. Since this circuit shows a bandpass response, it is also called
a tuned circuit.
5.4.2 Monitoring of the number of stored particles with tuned
circuits
This technique has been used to monitor the number of particles in a Penning trap[80,
81]. It is known that for n particles in a trap, an equivalent circuit can be considered, as








Figure 5.12: An equivalent circuit for charged particles oscillating in a par-
allel plate capacitor.













When external L and C are resonated at !z, we can analyze that the impedance in
Eq.(5.1) has one dip at ! = !z and the width of the dip depends on the number of the
particles. Thus, the number can be determined by measuring the width of the dip.
Fig.5.13 shows the setup for the determination of the electron number with a tank
circuit tuned at the (1,0) frequency of electron plasmas.
Below, Fig.5.14 and Fig.5.15 are examples of measured resonance curve with a circuit
tuned at the (1,0) frequency of electron plasmas. The spectrum in Fig.5.15 was obtained
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Figure 5.13: Electron number monitoring with a tuned circuit. The
buer(LH0033) was added for the protection of the spectrum
analyzer. AD844 was for signal amplication.
for the electron number Ne = 6 107 trapped in a potential of Vtrap = 50V .
The calibration curve to determine the electron number from the measured peak split-
ting is shown in Fig.5.16. f is the separation of two peaks.
5.5 Radial compression of electron plasmas by an ap-
plication of rotating electric elds
The fact has been established that the shape of a plasma can be controlled by applying
a torque on it[64, 65, 82, 83]. In the case of nonneutral plasmas conned in rectangular
potential, density changes due to coupling between rotating elds with normal modes are
observed.
5.5.1 Circuit description
Azimuthal quadrupole eld was generated at the segmented electrode with a circuit
shown in Fig.5.17. Two inputs (phase = 0 and 90) were prepared by an function
generator (NF1946). Using ferrite cores each input was split into two so that the one
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Figure 5.14: Resonance curve without
electrons.
Figure 5.15: Resonance curve with elec-




















Figure 5.16: Electron number monitored with a tuned circuit. The solid line
represents the least square t to a quadratic function. f is
the peak-to-peak separation.
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keeps the original phase and the other has 180 retarded one. Outputs are amplied by




























Figure 5.17: The circuit for rotating electric eld generation. Total ampli-
cation is 2.
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5.5.2 Measurement of a compression ratio with a segmented
Faraday cup
At rst, we searched parameters by measuring the charge with a radially segmented
Faraday cup[84]. The inner diameter was 2 mm and the outer diameter was 38 mm.
It was located next to the HV electrode, where the magnetic eld is still uniform. In
Fig.5.18, shown are electrode conguration and schematic trap-cool-dump procedure.
electrons : 50 ~ 100 eV
cold electrons
Electron spheroidal plasma
OD = 38 mm
ID = 2 mm
Segmented electrode
Harmonic potential well ~ 10cm
HVHV
F.C.B1F1 B2F2F3
Figure 5.18: Conguration of electrodes with a segmented Faraday cup.
There was no change in the potential during the injection of elec-
trons. At the ejection, potential on each electrode was changed
one by one from the upstream electrode to lower the potential
on BH1-B2.
The rotating eld was applied keeping the sweep rate constant(2 MHz/min). (In our
case, all through the experiments with electrons, only quadrupole eld has been applied.
) The results are summarized in Fig.5.19. Amplitude was 1.0 V (1
2
Vpp)
2. It was shown
that the rotating electric eld can compress the electron plasma and up to 60% of the
constituent particles was conned within a region of 2 mm in diameter. In addition, the
lifetime of the plasma became longer (See Fig.5.8). It can also be seen that the application
of too high frequency reduces the fraction of electrons compressed radially. From the fact
2Though what counts is not the voltage but the strength of the electric eld, let us use the amplitude
of the applied voltage on segmented electrodes as an index. Since the radius of curvature of each segment
is 2 cm, it can be read as 1 V/2 cm.
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that there was no signicant change in the compression ratio when we change the sweep
rate to twice as long, destination frequency of around 2.5 MHz seems to be the most
eective. Since the eectiveness also depends on the sweep rate, optimization is still
necessary. Generation of electrons by ionizing the residual gas was observed when the
amplitude was too high.
0 10 20 30 40 50 60 70
























Figure 5.19: Eect of rotating electric elds. (A) : with rotating eld, (B) :
without rotating eld. Amplitude was 1.0 V.
5.5.3 Observation of radial proles
In the next step, the eect of rotating electric eld to the plasmas was directly
observed by a combination of a zinc oxide (ZnO) screen formed on thin layer of Indium-
Tin-Oxide (ITO) and a CCD camera. ZnO(P-15) emits green light (peak at 505 nm) and
is normally used in low energy applications. We selected it since it has the highest light
emissivity at least in the electron energy range 1 eV - 100 eV. ZnO screen was prepared
on a glass plate coated with thin layer of ITO. It is a kind of ceramic and is known to be
transparent as well as electrically conductive3. Transmissivity of ITO is shown in Fig.5.20.
The advantage is that we can observe the prole and can measure the charge at the same
time. The size of the ZnO screen was 40 mm  40 mm and as a Faraday cup, it covers
50 mm  50 mm. At the position of the screen, the strength of the magnetic eld was
0.9 T while we have 1.0 T at the center of the bore tube. The screen can be electrically
floated for the acceleration of electrons that impinge on it. We note this voltage as Vacc.
3We can note that ZnO itself, when it is in the form of crystal, is a material of the same kind.
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The CCD used in the experiment (ROX-40) was selected because of its high sensitivity
(0.0005 lx), peaks around 500 nm as shown in Fig.5.21 which is also convenient for the
detection of lights from the ZnO. The NTSC (National Television Standards Committee)
output was connected to the input of the digital camera recorder.























Figure 5.21: Sensitivity of the CCD (ROX-40).
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Setup is shown in Fig.5.22.
 CCD : Rox 40 (1/2 inch) 
            0.005 lx (F1.2, normal mode)
            0.0005 lx (F1.2, high sensitive mode)
 Image size : 5~6°  =>
 Zoom lens (12.5 - 75 mm ; F1.8)
 Digital camera recorder : DCR-TRV900 
                                          8 lx (F1.6)
                                          > 100 lx (recommended)
 ZnO : emmision peak at 505nm
          1/10 decay time : 4~500 ns
 ITO :     10 W
           transmission = 87% at 500nm
           can also be used as a F.C.
PC
H-,e-
Figure 5.22: Conguration of ZnO screen and CCD camera for the observa-
tion of radial proles of plasmas
Fig.5.23 shows the image taken with the CCD camera. Electron emitter was at the
position about 2.5 cm o-axis. The upper-left gure shows the prole without the rotating
eld, and lower-left, with the rotating eld. Note that the prole is line-integrated along
the magnetic eld axis. In the case without rotating eld, a t to an elliptical function
is also shown. If the plasma is spheroidal and has a uniform density, line-integrated
prole becomes elliptical. The tting is well within a fluctuation of the data and we may
consider that the plasma is spheroidal. Total number of electrons was Ne = 1:1  108
and the frequency of rotating eld was swept from 500 kHz to 3 MHz within 15 sec (Note
that the condition was not identical to the one shown in Fig.5.19). The amplitude of the
rotating eld was 1 V. The acceleration voltage (Vacc) of 2.5 kV was applied to the surface
of the ZnO screen. Electrons were preloaded in the trap 60 sec before the application of
rotating eld and ejected while rotating eld on, at the frequency around 2.7 MHz. By
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comparing the prole with and without rotating eld, we can observe that rotating elds
deform the plasma so that its radial prole diers from the one for spheroidal plasmas.
To avoid a spatial conflict between the emitter and the ion beam injected from the
ion source, it was necessary to further change the electron gun position to about 5 cm
o-axis. Proles with no azimuthal eld applied are shown in Fig.5.24 for 2.5 cm o-axis
injection, and in Fig.5.25 for 5 cm o-axis injection. Below, superposition of ellipses on
the radial prole guides the eye to check whether the plasma was really spheroidal or not.
The fact that the right shoulder is systematically lower than the left seems to be because
of the non-uniform ZnO screen. Except the images shown in Fig.5.23, all the proles were
observed with the same ZnO screen.
After making sure that the plasma shape can be controlled by sweeping the frequency
as was done in Section 5.5.2, we tried to apply a eld with a constant frequency and found
that it is also possible to compress the plasma under certain conditions. Fig.5.26 shows
the temporal evolution of proles. The number of electrons was Ne = 1:3 108. Rotating
eld was applied for 120 sec, from 60 sec after the injection of electrons. The frequency
was 2 MHz, and the amplitude was 0.5 V. By roughly estimating the number of particles
at each radial position, it can be seen that about a half of the trapped electrons were
gathered within the radius of 1 mm, which is in congruity with the measurement with a
segmented Faraday cup (cf. previous section). After the application of rotating eld for
120 sec, it was also observed that the plasma keeps the compressed shape at least for 30
sec.
Now it is possible to enumerate factors that aects the prole: (1) the frequency of
rotating eld, (2) its amplitude and duration, (3) the number of particles, and (4) the
trap depth. Let us examine how the radial prole changes as these parameters. Firstly
in Fig.5.28, frequency dependence is shown. Electrons were loaded 60 sec before the
application of rotating eld, which lasted 60 sec at each frequency.
Three facts can be immediately seen.
1. In our case, any elds rotating at a proper constant frequency (1.5 MHz < f  2.5
MHz) rotating in the same direction as plasmas were found to be eective.
2. Except for 3.0 MHz, the higher the frequency is, the sharper the central part be-
comes. The minimum diameter was about 1.5 mm.
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21.5 mm0
(b) with rotating field
3D image

















Curve fitting to an ellipse
Figure 5.23: Compression of electron plasmas. Two cases are shown: (a)
without and (b) with rotating eld. Total number of electrons
: Ne = 1:1  108, frequency of rotating electric eld was swept
from 500 kHz to 3 MHz within 15 sec and electrons were ejected
while rotating eld was on (at around 2.7 MHz). Vacc = 2.5 kV.
79
Figure 5.24: No rotating eld ; 1 inch in-
jection
Figure 5.25: No rotating eld ; 2 inch in-
jection
0 0017.9 mm 17.917.9
30 sec 60 sec 120 sec
1.6 f
12f
Figure 5.26: Temporal change of the proles of electron plasmas. Vtrap = 50V




Figure 5.27: Prole change with ellipses to guide the eye.
3. Between 2.5 MHz and 3.0 MHz, there seems to exist a threshold such that the
ionization of background gas starts to be signicant. This fact can possibly be
applied for pressure gauges in ultra-high vacuum region. It may also be noted that
the ionization of background gas by RF elds can be used to maintain the number
of electrons[85].
About the second parameters, amplitude and duration of rotating elds, they were
optimized together with the frequency. The dependence of the diameter on the eld
amplitude is shown in Fig.5.29. The frequency of the rotating eld was 2 MHz.
Secondly, dependence on the total charge (Ne) was observed (Fig.5.30-5.32. Numbers
under each gure represent the total number of electrons trapped.). As in the case for
frequency dependence measurements, electrons were loaded 60 sec before the application
of rotating eld, which lasted 60 sec at each frequency. Vacc was 6.0 kV. Since the trap
depth was kept constant (Vtrap = 50 V) in these observations, to have more particles
directly leads the radial expansion of the plasma. These gures qualitatively show that
tendency.
Third parameter is the trap depth. Fig.5.33 shows how proles changed according to it.
Rotating eld (2 MHz) was applied for 60 sec, starting from 60 sec after the connement.
The number of electrons (Ne) was 1:0  108, and the acceleration voltage (Vacc) was 4.0
kV.
Shallower potential will make the plasma extend axially so that the aspect ratio will
be large. As was expected, in Vtrap = 20 V case, the radius of central part became smaller
than in the case of Vtrap = 50 V. It was also observed that the time width of extracted
electrons became longer, which is consistent with axially elongated shape.








2.4 mm 2.0 mm
1.7 mm
Figure 5.28: Eect of the frequency of rotating electric elds on the prole
of electron plasmas. Trapping time was 60 sec (waiting) + 60
















Figure 5.29: Amplitude dependence of the compressed diameter, measured
for the constant rotation frequency of 2 MHz. Trapping time
was 60 sec (waiting) + 60 sec (with rotating eld). Vacc = 4.0
kV.
Figure 5.30: Ne = 1:3 107 Figure 5.31: Ne = 3:6  107 Figure 5.32: Ne = 5:4  107
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Vtrap = 20V Vtrap = 50V
diameter ~ 1.5mm diameter ~ 1.7mm
Figure 5.33: Radial compression of electron plasmas with dierent trap depth
with 2 MHz rotating eld. Ne = 1:0 108, Vacc = 4.0 kV
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themselves so that the applied trap potential is canceled. When we compress the plasma
with a rotating eld, because of the space potential, its axial length will be longer. This
means, around the center, restoring force by the trap potential exist. It seems to be
decisive to the minimum possible radii of the compressed plasma.
5.5.4 Rectangular potential vs. harmonic potential II
The eect of rotating electric elds on electron plasmas in rectangular potentials
is shown in Fig.5.34 for the potential depth = 25 V and in Fig.5.35 for the potential
depth = 50 V. Vacc was 4.0 kV for both observations. The application of rotating eld
started 60 sec after the injection of electrons. The duration was 120 sec at 2 MHz. As
compared with the radius for harmonic potential (Fig.5.33), diameter of central dense
region became larger by approximately 50%. However, it is interesting to see that there
is little halo around the central peak.
Figure 5.34: Rectangular potential ; Vtrap
= 25 V. Ne = 1:3  108. Vacc = 4.0 kV.
Diameter is about 2.4 mm.
Figure 5.35: Rectangular potential ; Vtrap
= 50 V. Ne = 9:6  107. Vacc = 4.0 kV.
Diameter is about 2.3 mm.
5.6 Connement of negative hydrogen ions
A negative hydrogen ion has the same charge and almost the same mass as those of
an antiproton and it is the best candidate for the simulation experiment of antiprotons.
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However, there is one thing which is denitely dierent between H− ions and antiprotons:
A negative hydrogen ion is a composite particle whose binding energy is 0.75 eV. This
means that we should be careful so as not to destroy it for the experiments to be successful.
This leads to these two cautions.
1. The injection energy should be lower than 1.4 keV, which corresponds to 0.75 eV for
the electron bound to the H− ion. Otherwise, detachment process by the collisions
with electrons in the trap will be preponderate.
2. Collisions with neutral residual gas should be taken into account. Above a few eV
in CM energy, the detachment by collisions with them will be of signicance.
In Fig.5.36, cross section for the reaction H− + H2 ! H + e− + H2 is shown[86]. (Note
that in our cryogenic environment, the main component of the residual gas was molecular
hydrogen. See Fig.4.15.) Detachment cross sections on various gases are summarized in
the reference [87]. One of the experimental data for the detachment on hydrogen molecule
can be found in the reference by Risley et. al.[88].
Using a detachment cross section   10−15 cm2, density of residual hydrogen n  106
cm−3 (at 10 K ; 10−12 Torr), velocity of 100 eV-H− ions v  2  107 cm s−1, we can
estimate that the lifetime of H− ions is about 50 sec. To maximize the lifetime, we tried
by lowering the bore tube temperature to keep the pressure as low as possible so that
the number of the residual gas decreases. So far, lowest temperature of 5.7 K has been
observed. At the same time, the trap was floated to a certain potential so that the kinetic
energy of H− ions inside the trap would be smaller(See the following sections).
5.6.1 Energy distribution
Ideally, if monoenergetic H− ions can be introduced in the trap, we can dene the
initial kinetic energy of ions inside the plasma and we can easily set the floating potential.
On the other hand, when the direction of injection is not parallel in that case, perpen-
dicular energy component (E?) will change. If we consider the conservation of magnetic
moment, we can estimate it. Supposing that H− ions with E? = E?out are injected from
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By monitoring the current transmitted through the trap, energy distribution parallel to
the magnetic eld axis was measured to be as broad as 900-1000 eV for 1000 eV injection.
The trap floating potential was set close to -900 V so that the trapping eciency becomes
maximum.
5.6.2 Lifetime of H− ions
To nd the optimum condition for eective electron cooling of H− ions, ions should
be trapped for suciently long period in the trap. At rst, we measured the lifetime of
H− ions in the trap. Fig.5.37 shows the procedure (electrons were not introduced in this
case). While H− ions are being injected into the trap (floated to -890 V) the potential
on the HVF electrode is ramped up. Next, the potential on HVB is lowered. Then, by
reducing the potential on B2, ions are extracted toward the Faraday cup, namely, the
ITO screen described in Sec.5.5.3. Its eective area measured 50 mm  50 mm. At the
position of the Faraday cup, the strength of the magnetic eld was about 0.9 T when we
had 1.0 T at the center. To get the particle number, signal from the Faraday cup was
connected to a charge amplier (ORTEC;142AH) and the voltage output was converted
to a number with a conversion factor of 162 mV for 106 charges. To keep the pressure
as low as possible, gate valve before the dipole magnet was opened only at the injection.
Still, the reading of the BA gauge at the far end of the beamline became one order higher






















Figure 5.37: Potential change during the H− cooling experiment. Lines cor-
respond to a potential on the center axis. After certain cooling
time, H− ions were extracted, by reducing the voltage on the
electrode "B2". In the case of rectangular potential, central
dimple was not formed. Trap floating potential is dened as a
potential given to the electrodes "F1" and "B2".
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Fig.5.38 summarizes the measurements. It can be noted that, by forming the harmonic
region, the connement property was improved, although H− ions were not trapped in
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Figure 5.38: The number of H− ions vs. trapping time. In the gure, "har-
monic potential" means rectangular potential + harmonic dim-
ple as shown in Fig.5.37.
5.7 Electron cooling of negative hydrogen ions
The injection-hold-dump and measure scheme is shown in Fig.5.37. Though eventually
the energy of H− ions will become the same as that of electrons, there was no eective
way to experimentally separate H− ions from electrons. Thus, to conrm the cooling by
electrons, what we tried was to observe the shift in the energy distribution of H− ions.
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5.7.1 Decay time correction
Since the charge amplier had a decay constant
 800 sec, following correction has been made.
Supposing a current integrator (Fig.5.39) with
a time constant  = RC, output voltage V (t),
incoming current I(t), the change of the output
after a time interval t is given by
CV (t + t) = CV (t)e−
t
 + I(t)t: (5.4)
Here, C is the capacitor in the integrator. Con-
sidering that t is an innitesimal quantity, to
the rst order of t, we have
I(t) =










Figure 5.39: A schematic of
a current integrator.
The raw signal is shown in Fig.5.40 and the corrected current in Fig.5.41. Spurious
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Figure 5.41: With correction of decay
constant.
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5.7.2 Change in the energy distribution of trapped H− ions
Measured current of extracted H− ions is shown in Fig.5.42. About NH− = 2 106
H− ions were injected. The abscissa correspond to the potential change of the electrode
"B2" (VB2). The correspondence is shown in the lower graph of Fig.5.42. Radial variation
of the potential maximum is as in Table.5.3.
VB2 [V] -1000.0 -950.0 -925.0 -900.0
Potential maximum at r = 0 -982.0 -938.7 -917.1 -895.5
Potential maximum at r = 1 mm -982.1 -938.8 -917.1 -895.5
Potential maximum at r = 6 mm -984.1 -939.9 -918.0 -896.0
Table 5.3: Radial potential variation. Potentials on neighboring electrodes
were VB1 = −875:0 V and VHV B = −855:0 V.
Since the TOF of both electrons ( 200 ns) and of ions ( 10 s) from the trap to
the Faraday cup were shorter than the time constant of potential change (slower than 1
V/s), lower energy particles came later in time. In this sense, Fig.5.42 can be read as
a graph of energy distribution of extracted H− ions. Taking the dierence of the peak
position and the trap floating potential (jVf j = 890 V), we can dene the energy (in the
direction parallel to the magnetic eld) of the ion clouds in the trap. Hereafter, trap
floating potential designates the potential given to the electrodes "F1" and "B1". For
0.9 sec trapping, the value was about 65 eV. In principle, there is no signicant change
in the shape as trapping time increases. That the number of higher energy ions seem to
decrease faster is because of the higher detachment cross section.
In Fig.5.43, shown are energy distributions of H− ions cooled by electrons. About
NH− = 2  106 H− ions were injected into a cloud of Ne = 1:5  108 electrons, that
were prepared 70 sec before the injection of ions. The very existence of the slower (=
lower energy) component exhibits the evidence of electron cooling. If we measure the
temperature from the trap floating potential, initial 65 eV became 50 eV after 2.9 sec













































trap floating potential :
~ 65 eV
 (0.9 sec;without cooling)
Figure 5.42: Current of H− ions extracted from the trap. NH− = 2  106.
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Electrons result from 
dissociation of H-  
ions or ionized 
bacground gases
Cooled H-  ions
Mainly electrons 
for cooling
(1) Energy difference 
measured from the
trap floating potential :
~ 65 eV
  (2.9 sec;without cooling)
~ 50 eV
  (2.9 sec cooling)
~ 30 eV
   (5.9 sec cooling)
(2) Energy difference 
measured from the
peak of 2.9 sec H- only :
~ -25 eV
    (2.9 sec cooling)
~ -50 eV
    (5.9 sec cooling)
Figure 5.43: Electron cooling of H− ions. NH− = 2106 and Ne = 1:5108.
Electrons were prepared 70 sec before the injection of ions.
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Moreover, the eect of rotating electric eld was also observed (See below, Fig.5.44
and Fig.5.45). About NH− = 2 106 H− ions were injected into a cloud of Ne = 9 107
electrons. For the measurements indicated by "H− + e−", electrons are preloaded 70 sec
before the injection of ions. In the case of "H− + e− with rot-E", from after 60 sec of
electron injection, a rotating eld (2 MHz, 0.5 V) was applied for 120 sec. Then, ions were
injected after an interval of 30 sec to let electrons be cooled. In these short time ranges,
we can see that the high energy peak disappears as time passes and the low energy tail
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Figure 5.44: Energy distribution of H− ions for 0.91 sec electron cooling.
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Figure 5.45: Energy distribution of H− ions for 1.9 sec electron cooling.
Other conditions are the same as Fig.5.44.
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In Fig.5.46, shown is superposition of two graphs, "0.91 sec H− + e− with rot-E"
from Fig.5.44 and "1.91 sec H− + e−" from Fig.5.45. As is schematically shown in the
gure, the average diameter of electron plasmas without rotating eld was about 12 mm
and the incident ion beam had a diameter of 5 mm inside the trap. It can be seen that
the decrease of the high energy peak is faster for the case with rotating eld and the
low energy tails are almost the same, which leads to the fact that cooling speed became
more than two times faster when we compress the electron plasmas by the application
of rotating elds. At least before the injection of H− ions, when we applied the rotating




















H- + e- ; without rot-E
~5 f ~12 f
H- + e- ; with rot-E
~2 f
Figure 5.46: Eect of the compression of electron plasmas by rotating elds
on the cooling speed of H− ions.
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5.8 Measurements of electron temperature
When we mix energetic ions with cold electrons, the temperature of electron plasmas
will be shifted upwards, which indicates how the cooling proceeds. The temperature of
electrons in the direction parallel to the magnetic eld was estimated using a high-energy
fraction of extracted electrons. We can surmise that it somehow reflects the temperature
when the velocity distribution of a plasma is Maxwellian. We counted electrons according
to their time of arrival at the Faraday cup until it reached about 5% of the total number.
It was shown that the temperature can be determined with a formula below[89] in the









Fig.5.47 shows the change of potential and the number of extracted electrons vs.
time. Analysis was done using only higher energy electrons, that came out from the trap
earlier than others. Though there should be some high energy electrons resulting from
detachment of H− ions at a position with high potential, the rising shape of electron
signals used in the determination of temperature does not seem to be aected so much.
In the following, there are three results shown : Fig.5.48 for electrons only - with a
dummy trigger for H− injection (Te = 0:8 eV), Fig.5.49 for H− cooling of 3 sec (Te = 2:9
eV), and Fig.5.50 for H− cooling of 6 sec (Te = 1:3 eV). Analyzed was only the temperature
of electrons in the direction parallel to the magnetic eld. In the gures, drawn lines are
the least square t to exponential functions. We can see that cooled electrons (Fig.5.48)
are heated by energetic H− ions (Fig.5.49), then synchrotron radiation took the energy
away (Fig.5.50). For the electron only case, without the dummy trigger, temperature of
less than 0.4 eV was observed.
A numerical calculation was done with the input of experimental parameters : B = 1
T, nH− = 1 106 cm−3, ne = 5 107 cm−3 TH−(0) = 100 eV, Te−(0) = 0:4 eV(Fig.5.51).
Here, a modication of the Eq.(4.3) was done so as to include the eect of background
heating by electrical noise etc. (Tebg = 0:4 eV was used in the calculation.) With this
additional term, the factor 8 used in Eq.(4.3) seems a few tens of percent larger than the
value deduced from our measurements. This may come from another cooling mechanism
like collision with residual gas molecules.
dTp
dt
= pe(Te − Tp) (5.7)
dTe
dt
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These electrons were used
to determine the temperature
of electron plasmas.
















T  ~ 0.8 eV
Figure 5.48: Electron temperature measurements ; electron only. Since the
potential change etc. was the same as in the H− trapping case,
we can evaluate the temperature just before the injection of
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Figure 5.51: Numerical calculation of electron cooling of H− ions.
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We can see that the electrons are warmed up by the injection of ions and the temper-
ature starts to decrease about one second after injection.
5.9 Possible non-destructive thermometer using (2,0)
modes
The injection of energetic ions into a cold electron plasma caused an increase in the
(2,0) frequency !20 of the electron plasma (Fig.5.52). Comparing the temporal change
of the (2,0) mode frequency with and without H− ions, we nd that initially increased
frequency by the injection of ions comes back to lower as time passes. Time scale is approx-
imately the same as the observation and calculation shown in Sec.5.8. To date, it seems
there exist no other experiments which monitored the (2,0) frequency with this kind of
beam injection into a cold plasma. Since !20 is an increasing function of temperature[38],
we thought that this can be used as an indicator of electron temperature. It should be
noted that when we apply the rotating electric eld, the radial density prole deviates
signicantly from the one of spheroidal plasmas. However, there is a report saying that
!20 is relatively insensitive to the radial prole in a similar system[36]. Further study on
the relation between the radial prole and the temperature is necessary.
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(2,0) mode ; no H–
(2,0) mode ; with H–
 H- injection (dummy) 
 H- injection 
 time
  ~ 30sec
 0sec
 Frequency
 18.0 MHz  18.5 MHz 17.5 MHz
5x106 H- ions injected into a plasma of 1x108 electrons.
A plasma of 1x108 electrons.
Figure 5.52: Eect of the injection of negative hydrogen ions into the elec-
tron plasma. In the upper gure, "dummy" means high voltage
switching was done without injecting ions.
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5.10 Radial compression of protons
Compression of proton clouds with rotating electric elds was tried and a shrink in the
radial prole was observed, which gave an impetus to the extraction of trapped particles.
The setup is shown in Fig.5.53. To convert ions into electrons, an MCP with a hole of
6 mm in diameter was located in front of a screen where the same combination of ZnO
screen and ITO layer as in Fig.5.22 was used. Observed images are shown in Fig.5.53. In
our experimental condition, the main component of the residual gas was hydrogen and
plasmas were prepared by ionizing these hydrogen gas by electrons. It was found that
created ion plasmas contain protons and H+3 . To get the images shown in Fig.5.54, H
+
3
ions were expelled from the trap by exciting their axial oscillation.
 CCD : Rox 40
 Zoom lens (12.5-75 mm ; F1.8)
 Digital camera recorder : DCR-TRV900 
 ZnO + ITO 
PC
p, H3+ ,e-
 MCP : OD : 80mm
              ID : 6mm
Figure 5.53: Experimental setup for the observation of radial prole of proton
+ H+3 plasmas.
105
 H3+ kicked out
" number of ions   1.3 x 106 
 rotating field : 200sec at 250kHz, 1.6V
" number of ions   1.3 x 106 
 trapping time : 300sec
witout rotating field with rotating field




A new trap was developed for the realization of ultraslow antiproton beam. Below,
achievements are enumerated.
1. For the construction of the trap, technical problems like heat conduction, mate-
rial selection were considered. Ultra-high vacuum and low-temperature compatible,
bakable, non-magnetic apparatus was designed and constructed.
2. Connement property of the trap was checked. Under the magnetic eld of 1 T,
electrons are stored for more than 1400 sec, sucient time to cool antiprotons.
Having large harmonic potential, lifetime of electrons was about two times longer
than the cylindrical case. Connement of H− ions was possible with a lifetime of 20
sec.
3. Control of the shape of electron plasmas was successful by applying proper rotating
electric elds. The minimum diameter was less than 2 mm, within the requirement
for the extraction of antiprotons. It was found that within the range from 1.5 MHz
to 2.5MHz, rotating elds can eectively compress electron plasmas.
4. Electron cooling of 2 106 H− ions was demonstrated for the rst time. Change of
the energy was determined by comparing the peak position measured from the trap
floating potential and cooling time was estimated to be 6 sec for NH− = 2  106
and Ne = 1:5  108. It conrmed that the electron cooling of antiprotons will
be possible. By compressing the coolant electron plasma, we could accelerate the
cooling by more than a factor of two. This is the rst demonstration that utilization
of rotating electric eld was applied to the cooling of particles. This will save the
time so that we can have cooled antiprotons within pulse intervals at AD.
5. A possibility was shown that the plasma (2,0) mode can be used as a non-destructive
thermometer for plasma diagnostics.
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6. Compression of proton clouds was successful.
For some reason, until very recent, there seemed little interaction between physics with
single particle traps and nonneutral plasma physics, though their method was somehow
similar. Here, techniques and experiences in wide area of physics are gathered to produce




Before the shipment of the system to CERN, various extraction way will be tried
searching the most ecient manner. Transport eciency and beam emittance will be
evaluated through the experiments with protons.
Practically, it is necessary to prepare slow antiprotons within a pulse interval at AD.
Eect of rotating electric eld will be reconrmed and optimization of the density of
electrons etc. will be done in the rst moment after the installation of apparatus at AD.
7.1 Planned improvements
7.1.1 Magnet replacement
Replacement of the superconducting magnet will be done by the end of the year 2000.
With essential specications listed in the Section 4.8.1 unchanged, following improvements
are expected.
1. Modications to the radiation shields and support assemblies of helium reservoirs
in order to reduce the heat load.
2. Addition of a hot gas inlet for more eective baking.
3. End flanges will be assembled so that they are parallel to each other and perpen-
dicular to the center line within the tolerance of 0:3.
7.1.2 Addition of another segmented electrode
(1) For the detection of plasma modes which have azimuthal structure under the
influence of rotating electric eld, or (2) to apply the rotating eld at both ends of the
plasma, it would be meaningful to replace one of the ring electrode with a set of segmented
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Figure 7.1: Superconducting solenoid - sketches
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Charged particle traps have been versatile tools in various elds.
Collision experiments[90], magnetic moment[91] or g-factor[92] measurements, comparison
of charge-to-mass ratio[6], creation of high density plasma aiming at fusion[93], neutron
life time measurements[94], etc. Compared with Paul trap, Kingdon trap, etc., Penning
trap has been preferred in the case of mass spectroscopy or antimatter physics. In the
case of antiprotons, application of electron cooling technique facilitated the creation of
cooled antiprotons inside the trap. The reference by Ghosh[95] includes a well-organized
chronological bibliography during the period from 1936(original paper by Penning) to
1993.
A.1 Penning trap
Here, let us specially take a Penning trap[96], which is relevant to later sections.
There exists an excellent review by Brown and Gabrielse[97].
A.1.1 Modied cyclotron frequency
Take a conguration of electrodes as in Fig.A.1. The z-axis is the center of evolution
of electrodes.
Take a Cartesian coordinate (x; y; z) and consider a particle with charge q in a Penning





















Figure A.1: Electrode conguration of an orthodox Penning trap.











The quantity d is often reered to as a characteristic length of the trap.





mv2 − q + qv A (A.3)





Now let us assume that the magnetic eld is in the z-direction, B = (0; 0; B). With








( _x2 + _y2 + _z2)− qV02z





(x _y − y _x): (A.6)
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Dening !2z  qV0md2 , Euler-Lagrange equation ddt @L@ _q − @L@q = 0 becomes
x¨− !c _y − 1
2
!2zx = 0 (A.7)
y¨ + !c _x− 1
2
!2zy = 0 (A.8)
z¨ + !2zz = 0 (A.9)
In z-direction, there is a harmonic potential and the particle oscillates at the frequency
!z.
Now let us dene a new variable u = x + iy. By subtracting Eq.(A.8) multiplied by i
from Eq.(A.7), we can rewrite these equations into one :
u¨ + i!c _u− 1
2
!2zu = 0: (A.10)
By assuming a solution in the form of u = e−i!t, following characteristic equation is
obtained,






















is a modied cyclotron frequency and
!m  !− = 1
2
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is called a magnetron frequency.
In short, because of the existence of radial electric eld, centripetal force on the particle
is shifted by that amount so that the cyclotron frequency is reduced to
~!c = !c − !m: (A.15)
A.1.2 Invariant theorem









This is quite useful to determine a frequency from others or to check the consistency
of the experiments. In most of the realistic Penning traps, a hierarchy !m  !z  !c
holds.
A.1.3 Numerical summary
As an example, given below is a numerical summary of the PS200 Penning trap.
(TableA.1)
External Parameters
Trap potential V0 = 80  120 V







b20) = 1:605 10−2 m
Field strength B = 3:25 T
Frequencies












; z = 30:70 MHz z = 715:8 kHz
Table A.1: Various parameters for the trap. In the case of traps consiste
of cylindrical electrodes, V0 is dierent from potential dierence
between the Ring and Endcap. In some papers, used is a geo-
metrical factor which corresponds to a ratio between an applied
potential on electrodes and eective potential on the center axis.
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Appendix B
Test experiments with a prototype
Construction of a Penning trap and a series of experiments were performed precedent
to the main experiments. In this section, reviewed is what we learned from the experiments
with that prototype.
B.1 Construction of a Penning trap with cylindrical
electrodes
A Penning trap with cylindrical electrodes was constructed on the recipe in the
reference by Gabrielse and Mackintosh[98]. In addition to the ring and two endcaps,
there are two compensation electrodes to make the potential quadratic. Electrodes were
made of phosphor bronze and the surface was gold plated1.
B.2 Apparatus
A Helmholtz coil was utilized to produce a magnetic eld necessary for the radial
connement of particles. The maximum eld strength of 480 Gauss was determined by
the power supply used. A vacuum chamber which was independently xed on the floor
was located along the axis of eld symmetry (Fig.B.1).
As an electron gun, a cathode ray tube for oscilloscope (TOSHIBA ; FM150BT-A4)
was used.
1The thickness of 2  3m was decided from the condition that the coverage should be 100% while
there should be no crack. It can be noted that there exists a way of gold-plating with Se to obtain a







Figure B.1: Apparatus for the experiments with an orthogonalized Penning trap.
B.3 Experiments
B.3.1 Trap alignment against the magnetic eld
For the alignment purpose, a thin copper wire of 0.3 mm in diameter was stretched
along the trap (mechanical) axis. By making a flow of 50 Hz line current, we forced it to
vibrate (See Fig. B.2)2. Positioning was done so that the amplitude of that oscillation
became smallest and we dened such state to be aligned. From the observation by eye,
we believe that the sensitivity to the change in position was as good as the thickness of
the wire.
B.3.2 Connement of electrons
Potential on each electrode was given by dividing the output of a power supply using
resistors. Electrons emitted from the electron gun were captured and released after certain
time (Fig.B.3). The pressure in the experimental chamber was in the range of 10−10Torr
with cold cathode gauge.
In a time range shorter than 1 sec, we observed an increase in the number of trapped
electrons. It was attributed to ionization of residual gas by electrons[99].
Fig.B.5 shows the connement property of the trap in the case of harmonic and cylin-
drical trap.
2Of course we could have resonated the normal mode frequency to 50 Hz by adjusting the tension,






0.3 f cupper wire
AC 50Hz
B = 440 Gauss 
I = 8A precision † 1mrad 
Figure B.2: Alignment of the trap axis to the magnetic eld.
B.3.3 Extraction of electrons
Then, pulse extraction of trapped particles was tried. The potential shape was
changed in the manner that the bottom of the potential was raised stepwise, as shown in
Fig.B.6. Results are given in Fig.B.7. In this case, we reduced the trap potential in twenty
steps of 15 ms interval. Here, we clearly observed the collisional cooling of electrons.
B.4 Conclusion
With an anharmonicity-compensated Penning trap consists of ve cylindrical electrodes,












































Damped electron signal 
      in the case of the harmonic trap



















Figure B.5: Connement of electrons in harmonic or cylindrical trap.
122
electrons
Step wise reduction 
           of the trapping voltage
Figure B.6: Pulse extraction of trapped electrons. On top, trigger pulses for stepwise




























































Damp interval : 15 msec
               Exit off : 1 sec
Harmonic damp : 100 ms
               Exit off : 10 sec
Harmonic damp : 100 ms
               Exit off : 60 sec
Harmonic damp : 100 ms
Figure B.7: Pulse extraction of trapped electrons.
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Appendix C
Production of a Slow Antihydrogen
Beam
Two groups working at AD on antihydrogen spectroscopy, ATHENA and ATRAP
introduced in Sec.2.1 are mainly aiming experiments with trapped antihydrogen. As an
alternative way to carry experiments with antihydrogen, possibility to produce antihy-
drogen bean is considered in this Chapter.
C.1 Current situation
? 11 antihydrogen events were reported at the momentum of 2GeV/c[21].
? Now there are some proposal to make ultra-cold antihydrogens inside a trap and
to catch them in a magnetic trap. In this case, antihydrogens should be colder than 1K
( 0.1meV).
+
There exists 1014 dierence in between!
C.2 Why H beam?
? As can be seen from Fig.C.1, it is possible to do some precision measurements
using atomic beam.
? Concerning a neutral trap, there still exist some proplems to be solved, e.g., eects
of the magnetic eld gradient (which will be used to trap H) on charged particles in the
trap.
? It is easier to make antihydrogen beam than to make them almost at rest.
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Figure C.1: Apparatus for Doppler-free two-photon spectroscopy of the hy-
drogen 1S-2S transition in a cold atomic beam[100].




















vp ’ 1:4 106 cm/s ’ hv2e+i
1
2
How many times we can shoot p into the positron clouds?
C.4 Stopping power of 1eV antiprotons in a positron
plasma
We need to know how much energy will be deposited to the positron plasma. Let
us consider the stopping power of antiprotons in a positron plasma. Arguments below is
based on the formalism given in a textbook by Jackson[101].
Electric eld issuing from individual particle is screened out within a characteristic
length, namely, the Debye length(D).
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Production of
     slow antihydrogen beam

















Figure C.2: Conceptual image of potentials for antihydrogen formation.
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So, we may treat two regions (D < b and b < D) to calculate the energy loss.
In what follows, we use the cgs units and notations as follows :
b = Impact parameter
kB = Boltzmann constant
e = Electric charge
c = Velocity of light
D = Debye length of the positron plasma
!p = Plasma oscillation frequency of the positron plasma
E = Relative collision energy
’ Energy of the e+ in the center-of-mass system
v = Relative velosity
’ Velocity of the e+ in the center-of-mass system
E = Electric eld caused by the incident p
J = Current density
In the region D < b
| Excitation of collective motion
| Calculation using (!)




















i!xj(!) E(!) d! (C.2)
Here, ’’ means to take complex conjugate.


















































; K1; K0 : Modied Bessel functions of the second kind
and the quantity ’  v
c
’ comes from the Fourier transformation of the electric eld.













































Considering the fact that :
 The main contribution to the integral comes from frequencies
! ’ !p

























’ 5:8  10−14 erg/cm
’ 40meV/cm
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In the region b < D
| Pure Coulomb interaction
| Two-body calculation















































Energy of antiproton (meV)
Figure C.3: Energy loss by Coulomb scattering.


























Since we have 109 e+, energy given to one e+ is
 = 5:2 10−3eV ’ 5meV
C.5.1 Cooling rate by synchrotron radiation
The energy given to the positron plasma should be carried away by synchrotron
radiation.







Time needed to lose half of its energy by radiation:
 ’ 1:7 sec ’ 2 sec for B = 10000Gauss
C.6 Angular straggling due to collisions

























































(can be derived by considering the momentum transfer at one collision),
min = jb=bmax=D = 1:4 10−4 rad
max = jb=bmin = 1:1 10−3 rad
It becomes that
()2 = h2i − hi2
= h2i
= 8:2 10−8
Total angular deflection is given by
h2i = n
e+x
= 109  1:4 10−6  1  8:2  10−8
’ 1:1  10−4





















’ 1:4  10−6 cm2
Therefore,
  (h2i) 12
’ 0:01rad
= 10mrad
In these calculations, are not included :
♠ Velocity change (slowing down) during one passage (According to this, energy loss
can be larger.)
♠ Existence of B-eld (Eect of magnetization etc.)
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♠ Velocity distribution of positrons
♠ Possibility of instabilities (Can be possibly avoided)
♠ Eect of the trapping potential
C.7 Estimation of H production rate
Here we consider only the spontaneous radiative recombination rate.








where Ee is the energy of the electron, and the recombination rate Γ = RRv is given in
Fig.C.4.
Now, recalling that the interaction time is 1sec, we have a number for the production
rate of antihydrogen :
N
H
= Np  ne+  Γ  t
= 107  109  0:1 10−9  10−6
= 1/passage
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Figure C.4: Rate coecient for e+ + p ! H + h. Γ is dened as Γ = RRv
and T corresponds to relative collision energy.
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C.8 Summary
Supposing 107 p s interacts with a positron plasma (ne+ = 10
9 /cm3 )
* By simple calculation , we have
 ’ 5 106eV
as a total energy loss, which corresponds to energy gain per one positron :
 ’ 5meV
* On the other hand, for a positron, time needed to lose half of its energy by radiation is
given by
 ’ 2 sec for B = 10000Gauss
* Angular straggling due to collisions becomes
 ’ 10mrad /passage







 Mass of particles
me = 9:11 10−31 [kg] electron (D.1)
mp = 1:67 10−27 [kg] proton (D.2)
 Permeability of vacuum
0 = 8:85 10−12 [FK−1] (D.3)
 Boltzmann constant




= 9:27 10−24 [JT−1] (D.5)
 Magnetic moment

































= 3:89 103(Te[K]) 12 (E.4)





































1. Relation between density (n) and pressure (p)
Supposing ideal gas of temperature 0C,
n[cm−3] = 3:5 1016p[Torr]: (E.9)
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